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OBJECTIVES

The objective will be to conduct electroporation experiments using a range of electrical
pulse parameters to

- determine the response of cells to the fields

- determine effectiveness of responses to tailored electromagnetic fields

- develop technology for application of pulses to small enclosed containers and
envelopes

- determine effect of the application of ultra-short pulses on intracellular gene
expression leading to toxicity for spores and bacteria, and on the integrity of
cytoplasmic and internal membranes and other intracellular structures

STATUS OF EFFORT

Materials and apparatus have been procured and assembled and a basic experimental plan
has been devised for studies of inactivation of bacterial spores in envelopes by exposure
to ultrashort, high-field, electric pulses. A rapid (less than 24 hours), qualitative (growth,
no-growth) assay based on a commercial sterility monitoring kit, which utilizes spores of
Bacillus atrophaeus (formerly Bacillus subtilis var. niger) deposited on paper in glassine
envelopes, has been implemented with simple laboratory equipment. A team has been
trained to operate the pulse generator and to perform the microbiological assay.

An initial series of experimental exposures has confirmed the applicability of the assay
method and provided some preliminary indications of the relative resistance of bacillus
spores in envelopes to inactivation by high electric fields after longer exposures.
Ongoing work is addressing issues of threshold fields for apoptotic induction. Data
obtained in other cells indicates such threshold effects; in studies of Jurkat T cells we
have observed data for field strength threshold for phosphatidylserine externalization, and
evidence for absence of a pulse rate repetition effect from 2 to 2000 hertz. Real-time
visualization of these effects are now underway.
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ACCOMPLISHMENTS/NEW FINDINGS

Described in this report are results of spore studies, and supporting research. This
includes primarily research into pulsed power supporting these studies (that is, detail
about pulse generators incorporated into a microscope for real-time investigations).
Research in detail about nanoelectropulse investigations into cell lines is provided in a
companion report for the grant "Ultra Short Pulse Electroporative Physics and
Technology", AFOSR Grant No. F49620-01-1-0495.

We reported at Electromed 2003 and in the 2003 report a study of the application of ultra-
short high-field electric pulses (5 MV/m, 100-ns pulse width, 4-ns rise time) to Bacillus
atrophaeus spores deposited on a paper strip in a sterile glassine envelope to investigate
the utilization of pulsed power systems for sterilization of paper and printed material in
applications such as mail handling systems. The effectiveness of pulsed fields of high
instantaneous power, but low energy, is evaluated as a function of number of pulses for
non-thermal, non-chemical spore inactivation in a dry environment at ambient
temperature. This system is under consideration as an alternative to gamma irradiation,
electron beams, and chemical agents. Germination of bacterial spores incubated after
electric field exposure was qualitatively measured in terms of the color (pH) change and
the turbidity of the medium every two hours up to twenty-four hours. The reduction in the
spore germination rate varied with pulse dosage, but was reduced only up to 50 % at a
16-hour time point. Doses up to ten millions pulses delivered over a period of 1000
seconds delayed the onset of germination or reduced the rate of germination but did not
sterilize the spore samples used in these experiments.

Bacteria spores deposited on paper strips were incubated in an indicator medium at 37 'C
after electric field exposure. Germination was qualitatively measured in terms of the
color change and the turbidity of the medium. When the bacterial spores germinate, they
respire and produce C0 2, which lowers the pH of the medium. As more CO2 is produced,
the color of the indicator changes from orange to yellow. We recorded indicator color
change every two hours for 24 hours. When the bacterial spores germinate, they detach
from the paper strips and begin to multiply in the indicator medium. As the population of
bacteria increases, the medium becomes cloudy. With a fixed initial inoculum and
controlled incubation temperature, the turbidity at a given time is a function of the
number of spores that germinated. We observed turbidity every two hours for 24 hours).
At any given time after pulse exposure, samples exposed to a greater number of pulses
showed less growth. For any pulse dose, the reduction in the number of germinating
spores, or in the germination time of surviving spores, was <50 % at a 16-hour time
point.
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Pulse Generation for Advanced Studies: Applying pulses with high voltage (or field),
high power, and fast (turning on in nanoseconds) requires design of advanced pulse
generation, transmission, and coupling to the electrical load, typically cells in culture, or
tissue, which has been a central part of the research. The principal issues encountered
include distortion of nanosecond pulses due to the high frequency characteristics, and the
need to retain high field along with high speed. Fast rising pulses require advanced
switching elements such as MOSFETs and other pulsed power switches, incorporated
into a suitable pulse generation architecture.

Research for field-response biological applications includes MOSFET pulse generator
development [Behrend et al. 2002, 2003, 2004], pulse transmission and related switching
issues [Gu et. al., 2002, 2003 a,b,c, 2004]; modeling of pulsed power systems for
biological applications [Wijetunga et al. 2003], advanced designs for nanoelectropulse
pulsers [Kuthi et al. 2003, 2004] catheters [Thu et al. 2004], and non-invasive aspects
[Sun et al. 2004]. Research into the development of the pulse generator-types has
included:

Pulse generation for real-time microscope observations of cells. This required
specialized pulse generation equipment for integration into single cell optical
studies ("Minipulser" and "Micropulser"),

Preliminary development of smaller pulse generators for various applications.
This included short pulse equipment based on fast recovery diodes, and
background and preliminary work modeling pulsed power devices for short pulse
generation (Blumlein).

Investigation of frequency response issues for catheters (to determine approaches
that will allow pulses to propagate undistorted, and transfer ns rise time to
samples).

Micropulser for Microscope Studies The MicroPulser Electrode Channel Micro slide
('MicroChamber' slide fabricated for sampling cells
shown in Figure 1, MicroPulser shown in Figure 2) was
developed as a compact solid state pulse generator
designed for optical studies of cell electroperturbation Channel cross.section
[Behrend et al. 2002, 2003, 2004]. Data can be collected
from a microscope slide sample (Figure 1) at any time -
during and after pulsed electric field exposure. The .......
MicroPulser system offers flexibility in pulse parameters
and interface to optical instruments that are not possible lE I
with cuvette pulse generator systems. The most critical . ...

pulse parameters for electroperturbation are fast rise time, III
amplitude, and width. The micropulser is designed to Figure 1. Microrchamber fabricated on
provide extreme flexibility in these parameters along with microscope slide.

maximum 25 MHz repetition rate. The micropulser aims
for both miniaturization and flexibility for any pulse width as a single-MOSFET output
stage pulse generator.
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The load for the micropulser is a glass slide having deposited gold electrodes that form
channels 25 [tm wide, 25 rtm deep, and 20 mm in length (Figure 1). Cells suspended in
liquid growth medium are pipetted into the channels. The growth medium within one
such channel presents an electrical load of 37 ohms in parallel with 14 pF. A microscope
slide in process of fabrication has two channels 25 Vtm wide and two channels 50 [tm,
giving a total parallel load of 12 ohms in parallel with 42 pF. The instrumented

Driver circuit
dividler : ', " • .. . . .

Energy

capacitor r

slikle :

Figure 2: Two versions of micropulsers. Early version of the MicroPulser unit with a
platinum foil microchamber slide in position for pulse exposure. Right: Recent version,
mounted on stage, in Zeiss Axiovert inverted microscope.

microscope slide is comprised of gold deposited electrode lines separated by 25 - 100 [tm
and covered by a second glass slide hold the cell solution. The electrical load impedance
is 200 - 400 Q.

To meet the demand for real-time observation of electroperturbation the microscope slide
and micropulser unit must fit on the stage of an inverted fluorescence microscope. The
pulse generator should have all RF power devices on stage, leaving only DC power
source and trigger signal source for external equipment. Additionally, the fast rise time
requirements necessitate short current paths for low inductance. Furthermore,
components should be surface mount and coplanar over the ground plane. A MOSFET
switched capacitor is well matched to the physical dimensions of the working
environment. Mechanically, the MicroPulser is a custom stage insert to the microscope
(Fig. 2). The MOSFET, capacitor, and slide contact electrodes all mounted in a compact
coplanar arrangement (Fig. 2). Pressure to the mating electrodes of the slide is applied by
a windowed cover plate fastened over the slide. The gate drive circuit to the MOSFET
and the voltage divider comprise a daughter board mounted over the switching MOSFET.
No additional heat sinking is required for the MicroPulser power components since it is
an extremely low average power pulse generator and no component heating occurs during
the short pulse burst.

Advanced architectures: We have conducted preliminary studies of a smaller pulse
generation system based on a different, solid state architecture employing fast-recovery
diodes and shorted transmission lines ("nanopulser") [Kuthi et.al., 2004]. This generator
produces 3.5 ns wide, +350 V amplitude bipolar pulses into 50-ohm load at the maximum
repetition rate of 100 kHz.
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Catheter Preliminary Studies: A key issue for pulse generation and application is the
transmission of pulses without distortion. This is a non-trivial issue for the short pulses
required, because many approaches to pulse transmission have bandwidth limitations
well below 1 GHz. Therefore, initial design of cathodes required investigation of
bandwidth limitation of designs. Studies of catheters [Thu 2004] therefore included
investigation of the propagation properties at frequencies appropriate for nanosecond
pulses, and included measurements with commercially available RF ablation catheters.
Presently, radiofrequency (RF) is used to treat diseases by resistively heating the diseased
tissues. RF technology limitations include, for example, rise of tissue temperature to
about 100 'C at the electrode tip causing sudden impedance increase, which obstructs
further lesion growth. Continuous ablation at 100 'C gives rise to coagulation of blood
and charring of the tissues. The input impedances for open and short terminations of
various lines (catheters) were measured over a frequency range of 1 MHz to 500 MHz
using a network analyzer. The data was processed using open-short method for
characteristic impedance calculation. At frequencies above 1 MHz, the catheters show
decreasing characteristic impedance. In addition, a square wave of pulse width 10 ns,
amplitude of rise time of 200 ps was delivered into the catheter and the output recorded
on an oscilloscope to investigate the distortion of ultra-short pulses by the catheter. A
square wave of pulse width 10 ns, amplitude of 4 V and rise time of 200 ps is delivered
into the catheter and the output recorded on an oscilloscope to investigate the distortion
of ultra-short pulses by the catheter. Input and output waveforms processed by Matlab are
transformed to the frequency domain to determine the transfer function of the catheter.
By inverse Fourier transform, the time-domain transfer function is obtained and
convolved in Matlab® with several input pulse shapes of interest to predict the output
pulse.

For minimally invasive in vivo treatment applications, evaluation of commercially
available microwave cables and RF ablation catheters for compatibility with ultra-short
pulse cancer therapy demonstrates that RF ablation catheters distort high frequency
components of nanosecond pulses. Thus, nanosecond pulses will loose the fast rise time
that is necessary to implement the approach.

These results delineate pulse generation circuits for development and integration into
studies of biological and spore response to ultra-short intense electric pulses.
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